Colorectal cancer (CRC) is one of the most common neoplasms in the world. Fanconi anemia (FA) is a very rare genetic disease causing bone marrow failure, congenital growth abnormalities and cancer predisposition. The comprehensive FA DNA damage repair pathway requires the collaboration of 53 proteins and it is necessary to restore genome integrity by efficiently repairing damaged DNA. A link between FA genes in breast and ovarian cancer germline predisposition has been previously suggested. We selected 74 CRC patients from 40 unrelated Spanish families with strong CRC aggregation compatible with an autosomal dominant pattern of inheritance and without mutations in known hereditary CRC genes and performed germline DNA wholeexome sequencing with the aim of finding new candidate germline predisposition variants. After sequencing and data analysis, variant prioritization selected only those very rare alterations, producing a putative loss of function and located in genes with a role compatible with cancer. We detected an enrichment for variants in FA DNA damage repair pathway genes in our familial CRC cohort as 6 families carried heterozygous, rare, potentially pathogenic variants located in BRCA2/FANCD1, BRIP1/FANCJ, FANCC, FANCE and REV3L/POLZ. In conclusion, the FA DNA damage repair pathway may play an important role in the inherited predisposition to CRC.
INTRODUCTION
Colorectal cancer (CRC) is the third most frequent neoplasm in the world and its average lifetime risk in the general population is ∼ 5%. 1 There is some degree of familial aggregation in up to 35% of CRC patients, but the majority of the underlying germline predisposition factors remain still unidentified. The Mendelian CRC syndromes, with Lynch syndrome and familial adenomatous polyposis being the most common, correspond to 5% of total CRC cases and are mainly due to germline mutations in APC, MUTYH and the mismatch repair genes (ie, MLH1, MSH2, MSH6, PMS2). Recently, next-generation sequencing efforts in familial CRC have identified additional causative germline mutations in genes such as POLE, POLD1 and NTHL1. [2] [3] [4] Fanconi anemia (FA) is a very rare genetic disease with an incidence of 1-3 per 500 000 births and it causes bone marrow failure, congenital growth abnormalities and cancer predisposition. FA patients have chromosome fragility and hypersensitivity to drugs that induce DNA interstrand crosslinks (ICLs). 5 It corresponds to an autosomal recessive condition and it has been associated with germline mutations in 18 FA genes. Among them, monoallelic mutations in FANCD1/BRCA2, FANCJ/BRIP1, FANCN/PALB2 and FANCC have also been linked to breast and ovarian cancer genetic predisposition. 6, 7 The comprehensive FA DNA damage repair pathway requires the collaboration of 53 proteins and it is necessary to restore genome integrity by efficiently repairing damaged DNA, especially ICLs ( Figure 1 ). ICLs affect both DNA strands impeding transcription and replication-fork progression and also complicating correct DNA repair as there is no unaffected template available. 8 Besides the link between FA genes and breast and ovarian cancer, some other genes not contributing to FA but part of the FA DNA damage repair pathway have additionally been involved in the same cancer predisposition and include BRCA1, RAD51C and FANCM. 9 Very recently, mutations in some FA DNA damage repair pathway genes have also been postulated to be the germline triggers in familial CRC cases, including BRCA2, 10,11 FAN1 12 and BLM. 13 
MATERIALS AND METHODS
We selected 74 CRC probands from 40 unrelated Spanish families (4 affected relatives from 1 family, 3 affected relatives from 8 families, 2 affected relatives from 15 families and 16 CRC unrelated patients) with strong CRC aggregation compatible with an autosomal dominant pattern of inheritance and without point mutations or large rearrangements in the most common hereditary CRC genes (APC, MUTYH and mismatch repair genes). Families were selected based on the following criteria: ≥ 3 relatives with CRC, ≥ 2 consecutive affected generations and at least one CRC diagnosed before the age of 60 years. This study was approved by the institutional ethics committee of each participating hospital and written informed consent was obtained at CRC diagnosis.
Sequencing, raw data analysis and variant filtering was performed as previously described for a subset of 42 patients. 14 In this regard, it should be noted that this previous cohort was completed with 31 additional new CRC patients, corresponding to 11 new families and 5 new cases in previously analyzed families, totaling 74 CRC probands from 40 families. Briefly, germline DNA whole-exome sequencing (WES) used the HiSeq2000 platform (Illumina, San Diego, CA, USA) and SureSelectXT Human All Exon for exon enrichment V4 (Agilent, Santa Clara, CA, USA). Mean coverage was 495 × in all samples and 51 Megabases was the target size that required ∼ 4 Gigabytes of sequencing per sample. After sequencing and data analysis, variant prioritization selected only those very rare alterations (0-0.1%), shared by individuals sequenced from the same family, producing a putative loss of function and located in genes with a role compatible with cancer ( Supplementary Table 1 ). Variants were validated by Sanger sequencing (GATC Biotech, Koln, Germany) and segregation analysis of the prioritized variants was performed in additional affected family members (CRC and advanced adenoma) when constitutive DNA was available. Genetic variants have been submitted to the ClinVar database (http://www.ncbi.nlm. nih.gov/clinvar/; accession numbers SCV000262600, SCV000262601, SCV000262602, SCV000262603, SCV000262604 and SCV000262605). In addition, somatic loss of heterozygosity (LOH) was studied by Sanger sequencing or microsatellites in tumor DNA of patients (one per family) carrying the selected variants when possible. DNA was extracted from a percentage of tumor cells of 70-80% in most cases.
RESULTS AND DISCUSSION
The aim of our study was to find candidate germline predisposition variants by performing exome sequencing in a cohort of familial CRC The FA DNA repair pathway in CRC predisposition C Esteban-Jurado et al patients compatible with an autosomal dominant inheritance and without an alteration in the previously known hereditary CRC genes in order to facilitate genetic counseling and correctly address prevention strategies. Our preliminary results for a subset of CRC patients were previously published 14 but additional family members and new families were whole-exome sequenced more recently and the present report corresponds to the analysis of the complete cohort of 74 samples. Interestingly, our data revealed heterozygous, rare, potentially pathogenic variants in six families located in genes belonging to the FA DNA damage repair pathway including BRCA2/FANCD1, BRIP1/ FANCJ, FANCC, FANCE and REV3L/POLZ after data analysis and variant prioritization (Table 1 and Figure 2 ). All six prioritized variants were validated by Sanger sequencing ( Supplementary Figure 1) and segregation analysis was correct in family members (CRC and advanced adenoma). It is also interesting to point out that among the 1-57 variants identified by WES that remained after filtering in each family, the genetic variants finally prioritized corresponded to the best candidate for genetic predisposition to CRC (not reported or with a very low frequency o0.01% in external control exome data sets including a Spanish database, potential loss-of-function variant affecting residues highly conserved in evolution, previous implication with cancer predisposition and correct segregation). It is important to highlight that three of the variants corresponded to frameshift alterations and three to missense variants. The former are expected to truncate the protein and, therefore, are likely pathogenic, whereas for the latter pathogenicity is plausible but has not been proven with functional studies. On the other hand, the identified missense variants comply with several criteria to be potentially deleterious and two of them (those in BRCA2 and FANCE) that fall in protein domains where pathogenic mutations have been previously reported in FA or familial breast and ovarian cancer patients in the ClinVar database or the FA mutation database (http://www.rockefeller.edu/fanconi/). In addition, when comparing with a publically available genetic variation control data set (Exome Aggregation Consortium), we detected a clear enrichment for putative loss-of-function variants in these FA DNA damage repair pathway genes in our familial CRC cohort, when considering nonsense, canonical splice site, frameshift and missense variants with a likely pathogenicity prediction (CADD 415, Combined Annotation Dependent Depletion, CADD, http://cadd.gs.washington.edu/) and a genotype frequency o0.01% (6/40, 15% vs 2546/60 706, 4.2%; χ 2 test, uncorrected for multiple testing P-value = 0.0025), or only nonsense, canonical splice site and frameshift with a genotype frequency o0.01% (3/40, 7.5% vs 306-/60 706, 0.5%; χ 2 test, uncorrected for multiple testing P-value o0.0001). It is also worth mentioning that in 5 of the 6 families carrying the reported variants, other neoplasms besides CRC were present with an age of onset o60 years, including breast cancer, endometrial cancer, prostate cancer, lung cancer, leukemia and gastric cancer. No relevant clinical or histopathological characteristics were detected among variant carriers, although a small sample size could be precluding the detection of such correlation.
Taking into account our results and previous evidence, 10-13 our report draws the attention to the fact that the FA DNA damage The FA DNA repair pathway in CRC predisposition C Esteban-Jurado et al repair pathway may play an important role in the inherited predisposition to CRC. It is also important to highlight that pleiotropy is becoming important in germline predisposition to cancer as a higher number of genes may be involved in the genetic predisposition to a broader spectrum of neoplasms, as evidenced by our results and others. 11 Finally, it could be hypothesized that defects in the FA DNA Figure 2 Pedigrees from families FAM3, FAMN4, FAM6, FAM20, FAM40 and H463 are shown. Filled symbol indicate affected for CRC (upper right quarter) adenoma/s (lower right quarter), stomach cancer (lower left quarter) and breast cancer (upper left quarter). Colon, breast, stomach, lung, prostate, kidney, uterine, leukemia and bladder refer to the type of cancer. AA/non-AA, advanced adenoma/nonadvanced adenoma; +, variant carrier. Index cases are indicated with an arrow.
The FA DNA repair pathway in CRC predisposition C Esteban-Jurado et al damage repair pathway would affect correct homologous recombination and contribute to genome instability. However, the contribution to CRC predisposition of genetic variants in this pathway needs further investigation and collaborative efforts should be made in order to fully characterize it. If this involvement is further confirmed in additional familial CRC cohorts, it would become very relevant regarding the molecular genetic diagnosis for the hereditary forms of this neoplasm.
